Abstract Most eruptions are fed by dikes whose spatial distribution can provide important insights into the positions of possible old eruptive centers that are no longer clearly identifiable in the field. Locating these centers can in turn have further applications, e.g., in hazard assessment. We propose a purely geometrical algorithm-implemented as an R opensource script-named FIERCE (FInding volcanic ERuptive CEnters) based on the number of intersections of dikes identified within a grid of rectangular cells overlain onto a given search region. The algorithm recognizes radial distributions, tangential distributions, or combinations of both. We applied FIERCE to both well-known and less-studied volcanic edifices, in different tectonic settings and having different evolution histories, ages, and compositions. At Summer Coon volcano, FIERCE demonstrated that a radial dike distribution clearly indicates the position of the central vent. On Etna, it confirmed the position of the most important ancient eruptive centers and allowed us to study effects of the structural alignments and topography. On Stromboli, FIERCE not only enabled confirmation of some published locations of older vents but also identified possible vent areas not previously suggested. It also highlighted the influence of the regional structural trend and the collapse scars. FIERCE demonstrated that the dikes at the Somma-Vesuvius were emplaced before formation of Mt. Somma's caldera and indicated a plausible location for the old volcanic crater of Mt. Somma which is compatible with previous studies. At the Vicuña Pampa Volcanic Complex, FIERCE highlights the position of two different vents of a highly degraded volcano.
Introduction
Understanding magma ascent dynamics and dike distributions provides crucial information for assessment of volcanic hazard. Dikes usually have radial, tangential (circumferential), or regional patterns (e.g., Chadwick and Howard 1991; Takada 1997; ). The radial patterns suggest control by a local stress field caused by the load of the edifice, an effect that increases with edifice height, while tangential dikes are often related to caldera collapses (McGuire and Pullen 1989; Corbi et al. 2015) . Distinguishing with certainty between radial and tangential dikes is generally possible only if the vent position is known. Conversely, when eroded volcanoes preserve dike segments, their orientations may prove highly useful for identifying the position of its central or peripheral vents. Once we identify the vent's location, we can Editorial responsibility: V. Acocella
Electronic supplementary material The online version of this article (doi:10.1007/s00445-017-1102-3) contains supplementary material, which is available to authorized users. then determine which dikes are radial or tangential and hence understand the morphological and structural evolution of a volcanic edifice, i.e., what caused its shape (Fiske and Jackson 1972) . We can also identify evidence for features like sector collapses, because the orientation of the dikes may be controlled by the collapse scarps (e.g., McGuire and Pullen 1989; Acocella et al. 2006a Acocella et al. , 2013 Neri et al. 2008; Battaglia et al. 2011) .
Unfortunately, in many cases, the outcrops of dikes and feeding systems are partial and insufficient for researchers to identify with certainty the location of volcanic centers from which dikes originated. To this end, we have created an opensource software package that performs the search for (possibly multiple) vent locations in a mostly automated way. This software is designed to identify the location of unknown (or not visible) old eruptive centers, using only the geometric data of the feeding dikes. This approach can improve, in some cases, researchers' ability to reconstruct the main eruptive axis of a volcano. The script is written in R (R Core Team 2016), an environment in which several open-source scripts related to volcanology and geochemistry are already available (e.g., Janoušek 2006; Janoušek et al. 2006; Rittner and Müller 2012; Guzmán et al. 2014; Janoušek et al. 2015; Vermeesch et al. 2016) . The methodology can be used to improve understanding of the evolution of eroded volcanoes and also for hazard assessment, as recent dikes may indicate the possible locations of future eruptions. Indeed, the propagation of dikes feeding flank eruptions in central stratovolcanoes is one of the most dangerous types of event, since the eruptive vents may rapidly shift towards lower, densely-urbanized, slopes of volcanoes.
Methodology
The algorithm starts with a polyline shapefile, exported from a GIS, that contains a set of dikes {d i }; it is essential to know their strike, which can also be derived directly by their graphic representation. There are no limitations on the minimum set of dikes or dike segments, but obviously the more dikes we have, the more reliable the results. It is worth noting that it is not necessary to know the age or composition of the different dike segments, although we can use this information to build morehomogenous datasets to be processed separately. We describe here the basic algorithm. Details of its implementation in the open-source R script named FIERCE (FInding volcanic ERuptive CEnters) together with instructions on how to install and run the program are provided in the supplementary file Online Resource 1.
We first consider a very simple case and assume that all {d i } dikes are radial with respect to their unknown eruptive center. In such an ideal case, the directions of all the dikes should intersect exactly in the eruptive center for which we are searching. To find such an intersection, we need to mathematically define the direction to which each of the dike segments d i belongs. This is uniquely determined by the coefficients m i and q i of a line of equation
These coefficients m i and q i can be calculated by setting the requirement that the corresponding line passes through two points x i,1 ,y i,1 and x i,2 ,y i,2 , which in the easiest case can be taken to be the starting and ending point of each dike, respectively. This leads (e.g., Larson 2014) to the well-known solution
Once this procedure is carried out for each available dike, in the ideal case of all-perfectly-radial dikes, we would just need to find mathematically (i.e., analytically) the intersection of these lines. Any pair of them would thus lead to exactly the same solution for the unknown eruptive center. With real data however, we have to look for a smarter, numerical solution, using a grid search approach. We define a search area in which the unknown eruptive center should reasonably be expected to lie. This, as we will see in detail, can be set slightly bigger than the area in which the dikes were recognized in the field.
We now divide it into a grid of sufficiently small rectangular elements and count how many of the direction lines we computed from the dike set pass through each of these grid elements. The element with the highest number of intersections will be our solution, i.e., will be the most probable location for the unknown eruptive center. Although this is the basic idea at the core of the FIERCE approach, some technical details enable fine-tuning and optimizing the results. One of these is the recognition that, as the dikes observed in the field are not perfectly radial, we should introduce some tolerance in determining the intersection between each dike direction and the elements of the grid. In practice, this means substituting the requirement that a line passes Bthrough^a grid element with the more relaxed requirement that the distance of such a line from the center of the grid element is less than a given threshold. The threshold is expressed in the same unit as the coordinates in the shapefile (typically meters, as in all the examples presented in this paper). The higher the threshold, then the less strict the Bradialness^requirement of each dike. The formula we need here is the well-known Bpoint-to-line distance^formula (e.g., Larson 2014):
Each time D is < threshold, we assign a Bhit^to the grid element and increase its hit count by one. In order to graphically present the results in a way that makes them independent of the number of dike segments and-at least roughly-comparable between different datasets, we chose to normalize the number of intersections (the hit count) by the maximum number of hits that any cell of the grid gets. In this way, the results are expressed by an adimensional parameter ξ that can take values between 0 (no intersections) to 1 (maximum number of intersections over the entire grid). The graphical representation of the space distribution of this parameter can be further enhanced by the choice of the color scale in a GIS, as shown in the examples below.
The hypothesis that we took for granted until now, namely that all the dikes are radial, is an ideal premise. In reality, some dikes belong to the class of tangential dikes. If we use these dikes in the previously described grid counting algorithm, these will actually do no harm, as their directions, even if erroneously assumed as radial with respect to the eruptive center, basically become random, i.e., will not contribute systematically to the appearance of a wrong solution in the grid. However, instead of leaving them Bneutral,^can we draw any information from these that actually help determine the eruptive center? Indeed we can: if a dike is tangential, any section of it observed in the field can be approximated by the line joining its ends. This line must be tangential to an imaginary circle surrounding the eruptive center. We can then Bdraw^a perpendicular line that passes through the midpoint (xc i , yc i ) of this line. This line will have the following coefficients:
The line will be now radial with respect to the eruptive center. We can therefore use it to determine its direction, and use it to increase the numbers in the grid, exactly as before.
The third kind of dike belongs neither to the radial nor the tangential class, e.g., dikes whose direction is determined mainly by the regional stress distribution. Although these cannot provide information about the location of the eruptive center, within reason they will not bring about any radial convergence to a wrong solution, therefore remaining completely Bneutral^in the competition between the different elements of the grid where we count the intersections. So, the important point here is that we do not need to remove them manually from the dike dataset before executing the software.
In the following, we present and discuss the application of the FIERCE software to different volcanoes.
Application examples
A case of regular radial dike pattern: Summer Coon Summer Coon is an eroded Oligocene, basaltic andesite to rhyolite, stratovolcano in southern CO, USA (Lipman 1968) . The cone has a basal diameter of 14 km, a summit elevation of 4200 m and an average flank slope of 17° (Moats 1990 ). Poland et al. (2008) mapped 20 silicic dikes that reach up to about 7 km in length and are formed by various offset segments. The dikes of this volcano are almost perfectly radial, and they thicken with increasing radial distance. Offset segments and fingers form along the upper peripheries of the intrusions. These dikes are interpreted as feeding flank eruptions, but their radial distribution provides information about the location of the main vent of the volcano (Poland et al. 2008) .
The results of the execution of the FIERCE software to this dataset highlight that the dikes are mostly radial. The solution obtained assuming that all the dikes are radial is shown in Fig. 1a in the form generated directly by FIERCE within the R environment. This allows the user to test different values of the parameters and quickly evaluate the results, without the complication of first importing the output into a GIS program. The solution shown in Fig. 1a is in this case obviously the correct one. However, it is noteworthy that the solution obtained by considering both the radial and tangential dikes (see Fig. 1b ) clearly also shows the central vent, although some spurious solutions appear, but with considerably lower reliability (number of intersections). On the contrary, the assumption that all the dikes are tangential does not lead to any reasonable solution-i.e., concentrated close to a single pointfor the volcanic vent (see Fig. 1c ).
A more irregular radial dike pattern: Etna
Etna stratovolcano, situated on the east coast of Sicily, is Europe's largest and most active volcano. It has been active since the Middle Pleistocene and covers an area of ∼1250 km 2 . Some 0.8 million people live on or immediately adjacent to the volcanic edifice (Behncke et al. 2005) . Massive debris flows, associated with the formation of a large (4 × 6 km) and deep (up to 1 km) erosional depression, the Valle del Bove (VdB in Fig. 2 ), occurred between ∼15 and 4 ka (Coltelli et al. 1994) . This morphological depression is situated high on the eastern slope of the volcano and its scarps show the relicts of ancient (up to ∼110 ka) volcanic rocks. The present volcanic edifice, reaching a height of ∼3330 m in 2010 , has arisen from a succession of central apparatuses and associated flank eruptions from parasitic cones roughly during the last 200 ka (Corsaro et al. 2002; Branca et al. 2015) .
The products and, in some cases, the general shape and the presumed position of the central vent of the succession of these ancient volcanoes can be recognized along the VdB sides (Coltelli et al. 1994; Calvari et al. 1994 Calvari et al. , 2004 Branca et al. 2015) . From east to west, they are as follows: the Rocche Centers (R in Fig. 2 , which reached a maximum height of ∼1800 m, 110-101 ka), the Trifoglietto Center (T, ∼2400 m, 107-99 ka), the Salifizio-Serra Giannicola GrandeCuvigghiuni Centers (∼2700 m, 85-65 ka, indicated as S-SG-C in Fig. 2 , respectively), the Ellittico Center (E, ∼3800 m, 65-15 ka), and, finally, the present Mongibello (∼3330 m, <15 ka). The Ellittico and Mongibello volcanoes have the same central eruptive conduit.
A significant characteristic of the current magmatism is the prevalent lateral movement of magma radially from the central conduit zone of the volcano along a distinctive series of rifts, aligned broadly towards the NE, S, and W away from the summit area (Garduño et al. 1997; Neri et al. 2011; Cappello et al. 2012; Giammanco et al. 2016; Fig. 2a) . They are fed by steeply dipping dike systems. Exposures of these dikes, particularly in the walls of the Valle del Bove, display subhorizontal flow direction indicators consistent with radial movement of magma (Garduño et al. 1997; Geshi and Neri 2014; Falsaperla and Neri 2015) ; in a few cases, the dikes are originated by plugs, corresponding to the conduits of the ancient eruptive centers (Ferrari et al. 1991; Calvari et al. 1994) .
At first we considered a total of 214 radial dike segments without distinguishing their relative ages, but varying the threshold (see BMethodology^section) from 100 to 1000 m (see Figure 2b -i). The images are produced here by importing the FIERCE results in ENVI format (ENVI 2016) into a QGIS project (QGIS Development Team 2016) . The main results highlight four main structural alignments, oriented NW-SE, N-S, E-W, and NE-SW, respectively. These correspond to the main structural alignments active today at Etna, frequently used by lateral dike intrusions during flank eruptions . The supposed position of the previous volcanic centers (white circles in Fig. 2b-f ) are along these main axes. However, some of these centers are not located in the zones colored in red-purple, i.e., the zones highlighting the major dike direction intersection. In detail, the positions of Cuvigghiuni (C) and Serra Giannicola Grande (SG) are well centered in all the frames. The Ellittico (E) is nearly centered for threshold of 500-1000 m (frames e-f in Fig. 2 ). Trifoglietto (T) and Salifizio (S) appear slightly off center in almost every frame, even if they fall along the NW-SE alignment. Finally, the Rocche centers (R) are not highlighted in any frame.
Effect of structural regional trend and sector collapses: Stromboli
The Aeolian Volcanic Arc (AVA) is made up of six islands and several seamounts located in the southern Tyrrhenian Basin, in Italy. The islands of Panarea and Stromboli are located at the eastern margin of the AVA, which is aligned NE-SW. At Stromboli, the regional NNW-SSE extension direction is dominant and is manifested by the NE-SW and E-W alignments of several morpho-structural elements, i.e., summit vents, dikes, faults, and eruptive fractures (Pasquarè et al. 1993; Tibaldi 2001; Acocella et al. 2006a; Tibaldi et al. 2009 ).
Today, Stromboli is characterized by a continuous strombolian activity, occasionally interrupted by paroxysmal events (Jaquet and Carniel 2003) . Morphologically, the most visible present-day feature is the Sciara del Fuoco (SdF, ∼5 ka old; Tibaldi 2001), a deep depression opened in the NW flank, both above and below the sea level. But the history of the volcano is characterized by previous several collapses that occurred in the last 13 ka (Tibaldi 2001; Tibaldi et al. 2009 ), often concurrent with changes in the magma composition from calc-alkaline to potassic series, through high-K calc-alkaline and shoshonitic ones . On the basis of stratigraphic and morpho-structural unconformities and rock composition, the volcanic succession of Stromboli has been divided into six major periods of activity, represented by their lithosomes: Paleostromboli I (85-67 ka), Paleostromboli II (67-56 ka), Paleostromboli III (56-26 ka), Vancori (16-13 ka), Neostromboli (13-5 ka), and Recent Stromboli (Pizzo lithosome and present-day activity; <5 ka) (Corazzato et al. 2008; Lucchi et al. 2013, and references therein) . In this article, we considered the position of the main vents of these ancient apparatuses as indicated in the Geological Map of Stromboli (Lucchi et al. 2013 ) and in Tibaldi et al. (2009) .
We have conducted different analyses using geometrical distributions of dikes previously published in the literature. In particular, we selected the geological map of Lucchi et al. (2013) and the data presented by Tibaldi et al. (2014) . We built different dike datasets in the required shapefile format from both above mentioned papers. For comparison, we also included the position of the old vents inferred by Tibaldi et al. (2014) and separated the dikes from Lucchi et al. (2013) into different groups according to the different eruptive epochs suggested by the same authors. For the active crater zone we used an area, including all active vents, following results in both Lucchi et al. (2013) and Tibaldi et al. (2014) . In Fig. 3 , we present selected results from all the analyses made with FIERCE. Using all dikes of Tibaldi et al. (2014) , we obtained the results presented in Fig. 3a . We interpret that these results highlight the NE-SW structural regional trend that characterizes this part of the Aeolian volcanic arc. In addition, at the NW part of the island, in coincidence with the Sciara del Fuoco, a marked WNW-ESE alignment is also evidenced, together with a less evident trend, approximately N-S. We interpret that the deviation of dikes from radiality can be attributed to the presence of the Sciara del Fuoco scar, whose buried part acts as a barrier for dikes that reach very shallow depths (0-200 m), deviating them (Acocella et al. 2006a and references therein). Most of the craters of the same age or younger than the eruptive epoch 3 proposed by Lucchi et al. (2013) , i.e., ≤56 ka, as well as the active Stromboli craters, also lie on this NE-SW regional alignment. Only the older centers are not evidenced by this global analysis; this may be simply related to the relatively small number of older dikes available in comparison with the younger ones, as the older ones may be buried under younger units.
Results using dikes derived from the Lucchi et al. (2013) map (Fig. 3b) are slightly different from the ones obtained using the Tibaldi et al. (2014) ones, even adopting the same 100 m threshold for both models. This gives an idea on the dependence of the results on the relatively small differences not only in the number of dikes segments (n = 94 for Lucchi et al. 2013 and n = 105 for Tibaldi et al. 2014) , but especially in their geometrical distributions. The model based on Lucchi et al. (2013) also shows the influence of the Sciara del Fuoco and the NE-SW structural trend, but the most probable areas suggested by FIERCE for the location of the vents are concentrated in the SW part of the island. These results might again be related to the smaller number of dikes located on the eastern side of the volcano in the map of Lucchi et al. (2013) , but we believe that this difference is in fact dependent on the different dike orientations with respect to the map of Tibaldi et al. (2014) .
We conducted additional analyses with the aim of trying to identify the position of the vents related to the different volcanic epochs proposed by Lucchi et al. (2013) . To carry out this investigation, we therefore separated the dikes dataset of Lucchi et al. (2013) in different groups in relation to the youngest volcanic units they intrude, in order to have a constraint on their possible relative age. The reasoning here, which is evidently a simplification and just one possibility among many others-see for instance the detailed studies by Corazzato et al. (2008) -is that dikes intruding a unit of age A are younger than A and hence may indicate the position of coeval or younger volcanic vents. In Fig. 3c , we used only dikes intruding the lithosomes Paleostromboli I and Paleostromboli II, i.e., volcanic epochs 1 and 2. Finally, in Fig. 3d , we show the results using all dikes by Lucchi et al. (2013) which intrude the lithosomes of Paleostromboli III and younger ones (i.e., from volcanic epoch 3 onwards).
Reconstructing the position of the crater of a previous volcanic edifice: Vesuvius
The Somma-Vesuvius (SV) volcanic complex, in Italy, is an active stratovolcano ∼1250 m high, lying between NE-SW and NW-SE regional fault systems (Bruno and Rapolla 1999 and references therein). During the last ∼30 ka, the SVerupted silica undersaturated and potassic basic products (Scandone et al. 1993; Santacroce and Sbrana 2003) . Vesuvius is the most recent volcano, active during the last 2 ka. To the north, Vesuvius is bordered by the remnants of the Mt. Somma edifice (∼30-18 ka), which forms a scarp derived by a multistage caldera developed between ∼18 ka and 79 AD; the scarp exposes a hundred dikes that are coeval with the Somma edifice and consequently these dikes may not be representative of the present-day feeding system of the Vesuvius cone (Cioni et al. 1999; Acocella et al. 2006b; Porreca et al. 2006 ). The most recent activity occurred in 1944 (Cioni et al. 1999) .
The dikes are all concentrated in the actual collapse scarp of Mt. Somma, to the north of the Vesuvius active crater (Porreca et al. 2006) . The absence of other dikes is probably the result of their disappearance due to the collapse and/or to the burial under younger deposits.
We have carried out some analyses with FIERCE. The results are summarized in Fig. 4 : in a first case, dikes are forced to be interpreted as tangential (Fig. 4a) ; in the second case, we assumed that all dikes are radial (see Fig. 4b ). In this case, our analyses demonstrate that the dikes were emplaced before the formation of the Mt. Somma's caldera.
Recognizing vents in an intensely degraded volcano: Vicuña Pampa Volcanic Complex
We now analyze the case of the Vicuña Pampa Volcanic Complex (VPVC), located at the SE margin of the Altiplano-Puna plateau, in Argentina, for which we present some original data. The VPVC was recently interpreted as a complex massif that underwent intense degradational processes givin g rise t o a larg e (18 × 13 km) morphological depression (Guzmán et al. 2017 ). The VPVC is a Middle Miocene volcano, formed by plugs and necks, lava flows, block and ash flow deposits, and ballistic fall-out tephra, whose composition mainly ranges from basaltic andesite to andesite. Guzmán et al. (2017) interpreted that the VPVC had at least two stages of evolution separated by a considerable time (enough for the erosion of the central depression). During the construction of the VPVC, there were also multiple episodes of dike intrusions that today are mostly exposed at the central and western parts of the eroded volcano (Fig. 5a ).
Vertical and inclined sheets are seen all over the complex, but the densest concentration is recognized in the western Lucchi et al. (2013) ; orange dashed-lines: old craters interpreted by Tibaldi et al. (2014) , black continuous lines: volcanic epochs 4, 5a, and 5b, c craters interpreted by Lucchi et al. (2013) ; violet continuous line: area of active craters (Lucchi et al. 2013; Tibaldi et al. 2014) .ξ: likelihood of vent location (see text for details). Coordinate system: Monte Mario/ Italy zone 2 [EPSG: 3004] portion of the depression. We measured strike, dip and thickness of 33 dike segments. These are mostly vertical dikes, while moderate to low angle (<60°) inclined sheets are less common. Dikes intrude different volcanic sequences of the VPVC, some being feeder dikes of small lava flows. Several intrusion episodes occurred during the construction of the main volcanic edifice and after the formation of the central depression (Guzmán et al. 2017) . The orientation of the measured dikes intruding the younger deposits within VPVC is highly variable, with the maximum concentration striking N 351-360°and dipping between 35°and 90°. Measured dikes intruding the older sequences, mainly located at the central western part of the depression, show main strikes varying from N 51-60°and their dip varies between 62°and 90°. In the program, only the strike of the dikes segments is used for calculations.
We mapped all visible dikes from Landsat TM 7 satellite images, distinguishing the ones that intrude the units deposited previous to the formation of the central depression, i.e., <12 Ma (Fig. 5b) , from those that intrude the interpreted younger deposits (Fig. 5c) , i.e., those that were formed after the development of the central depression, of unknown age, possibly the Late Miocene. We obtained a final set of more than 400 mapped dike segments.
We first analyzed all dikes (without distinguishing their relative ages) together. After choosing different thresholds, the results highlight two different areas that are shown for a threshold = 500 m in Fig. 5a . The areas in red are to be considered the zones where most intersections are found. So, one zone coincides with the position of the interpreted roots of the eroded volcanic massif, and a second one may highlight the position of the center responsible for the post-erosional renewed volcanic event.
Discussion
The application of the FIERCE software to several case studies, corresponding to quite different volcanic scenarios, allowed us first to verify-in simple and well-known cases-that the implementation of the idea at the root of the method leads to results compatible to those previously published. We therefore started with a case of very regular radial dike pattern, i.e., Summer Coon volcano. Here, the software provided solutions completely in line with what is expected when assuming that all the dikes are radial (see Fig. 1a) . Moreover, the flexibility of the software was highlighted by the fact that the central conduit is clearly visible also if we assume that dikes could be radial or tangential (see Fig. 1b) . The hypothesis that all the dikes are tangential is also clearly rejected by the lack of significative results provided by the software (see Fig. 1c ).
Being confident of the capabilities of the software, we then proceeded with the analysis of non trivial cases, the first of which is Etna. The results, shown in Fig. 2 , may arise from various factors:
1) The most marked alignment is NW-SE, extending from the summit to the southern edge of the VdB. The main eruptive axes of Ellittico (frames e-f in Fig. 2) , Serra Giannicola Grande, Trifoglietto, and Salifizio (all frames in Fig. 2 ) are located along this alignment. This means that this structural setting may have been constant during the last 85 ka. Further along this alignment, the most recent summit cone, named New Southeast Crater, is growing (Acocella et al. 2016) .
2) The N-S structural alignment is also well marked. It is located along the W side of the VdB and may reflect the morphological conditioning exerted by the VdB depression on the younger dikes (<15 ka). However, this alignment may also reflect an ancient (65-15 ka) morphostructural arrangement, i.e., the period when Ellittico overlapped the previous eruptive centers (Serra Giannicola Grande, Cuvigghiuni, Trifoglietto, and Salifizio; Coltelli et al. 1994 ).
3) The E-W alignment is evident between the summit area and the N side of the VdB. Many dikes and some historical eruptive fissures follow this trend along the escarpment, but change direction just over the edge of the valley, heading towards NE ). This suggests a strong morphological control exerted by topography. 4) An exception is the group of dikes located on the NE sector of the VdB. These dikes have fed small volcanic centers dating back to ∼100 ka (Coltelli et al. 1994) . In this case, probably, the small number of dikes does not allow the FIERCE software to locate the position of the main vents of these centers.
Finally, we analyzed the possibility that the 214 dikes are either radial or tangential. The solutions obtained for threshold values of 300, 500, and 1000 m (Fig. 2g-i) , respectively, correctly identified the position of Trifoglietto and Salifizio (frame i) and Serra Giannicola Grande and Cuvigghiuni (frames g-i), but they fail in the case of Ellittico and Rocche centers. This confirms that the dikes at Etna are mainly radial, but the sector collapse affecting its eastern flank may have driven the propagation of several dikes too.
The FIERCE application, therefore, is useful in confirming the position of the most important ancient eruptive centers (T, SG, C), failing only in the case of the Ellittico (E) and Rocche (R) centers, in the second case perhaps because of the small number of dikes, or of the fact that there were several small centers (probably three, according to Coltelli et al. 1994) , distributed in a not well-defined area.
In the case of Stromboli, it is interesting in particular to discuss the results obtained by separating the dikes dataset of Lucchi et al. (2013) in different groups according to their possible relative age.
In Fig. 3c , results are shown obtained using only dikes i n t r u d i n g t h e li t h o s o m e s P a l e o s t r o m b o l i I a n d Paleostromboli II, i.e., volcanic epochs 1 and 2. Following our reasoning, these may indicate the position of craters of volcanic epochs 2 and 3 or, if we consider the results of Corazzato et al. (2008) in terms of relative age of dikes (they found in almost all cases that compositions of dikes are similar to the units they intrude, hence of similar age), this may indicate the position of craters from epochs 1 and 2 of Lucchi et al. (2013) . Our model matches only the interpreted position of volcanic epoch 3 by Lucchi et al. (2013) and highlights two other possible vent areas that may point to older vents. The divergence in the position of the older vents may once again be related to the small amount of dikes, given their burial by younger deposits, or may effectively indicate the position of those older vents. One interesting point to mention here is that even using only the older dikes, the NE-SW structural regional alignment is already evidenced by that time.
The results obtained using dikes intruding the lithosomes of Paleostromboli III and younger ones are shown in Fig. 3d . These still show how the dikes distribution are strongly influenced by the geomorphological presence of the Sciara del Fuoco and by the regional structural trend evidenced by the alignment of both the craters of volcanic epoch 3 and the active ones.
In the case of Vesuvius, our analyses with FIERCE demonstrate that the dikes were emplaced before the formation of the Mt. Somma's caldera. In fact, if dikes are forced to be interpreted as tangential, they highlight a hypothetical eruptive center located along the scarp of Mt. Somma (Fig. 4a) , but no evidence of this eruptive center (i.e., necks, plugs, and related volcanic products) crops out there (Porreca et al. 2006) . On the other hand, building other models with higher threshold values (see Fig. 4b ) and assuming the opposite hypothesis, i.e., that all the dikes are radial, the location of a possible ancient main conduit clearly emerges. This model may indicate a plausible location of the old volcanic crater of Mt. Somma, presumably located below the northern portion of the Vesuvius cone. This result is compatible with the geometry of the Mt. Somma caldera rim, both considering its northern part, which is still visible today, and its southern part, that is now buried by younger volcanics. These results provide independent confirmation of previous studies based on morphological survey (Santacroce 1987) .
The case of Vicuña Pampa Volcanic Complex demonstrates well that the FIERCE software is flexible enough to be able to process all dikes together without needing to Bassign^them beforehand to specific age-or vent-related subsets. The software can then process selected subsets of the dataset in more detail if needed. Therefore, we applied FIERCE (not shown) separately for dikes intruding the older volcanic sequence. In this case, with the same threshold = 500 m, the solution using radial dikes highlights only the older volcanic conduit (the northernmost in Fig. 5a ), which appears slightly enlarged or points to the existence of two neighboring vents. On the other hand, when analyzing only dikes intruding the younger sequence we find that with different thresholds (=150, 300, 500, and 700 m), the radial dikes indicate the presence of two possible vents, while tangential and radial dikes together indicate two vents with small thresholds but a single larger one with a threshold = 700 m.
Conclusions
In this paper, we present a new software package for automated detection of the possible position of the eruptive center related to a set of dikes. We also present a series of case studies in which the software is applied to different volcanoes. The software can be freely requested from the authors and, being open source, cannot only be used to analyze other case studies but also easily modified and improved. The software distribution file includes the shapefiles required to reproduce the examples illustrated in this paper, as described in Online Resource 1.
One of the advantages of the software is that more than one eruptive center can be determined at once. This implies that there is no strict need to separate a big dataset of dikes into subsets that are relatively homogeneous with respect to age, origin or location. On the contrary, this separation can be carried out a posteriori based on the first results from processing the full dataset. Alternatively, in well-studied volcanoes such as Stromboli, the knowledge of at least the relative age of dikes can be used for additional analyses of the different subsets.
In addition, the software enables researchers to obtain three output results separately, namely the best fit of intersections considering dikes to be all radial, considering all tangential or considering either of the two together. The use of these outputs separately may help the researcher better characterize the role of shallow magma transfer in collapse events. It is well-known that tangential dikes are frequent along the sides of a number of calderas, in combination with radial dikes on the lower flanks of the volcanoes (Acocella and Neri 2009 and references therein). The presence of such a combination of tangential and radial dikes may be related to the presence of a shallow magma reservoir (Chadwick and Dieterich 1995) or of a caldera depression (Corbi et al. 2015) .
Tangential dikes may also be observed at summit calderas or at volcanoes that underwent a sector collapse (e.g., McGuire and Pullen 1989; Fiske and Jackson 1972; Acocella and Tibaldi 2005) . At Vesuvius, however, our analyses with FIERCE demonstrate that the dikes were emplaced before the formation of Mt. Somma's caldera. Also in the case of Stromboli, using only radial dikes for modeling, the collapse scar of Sciara del Fuoco had an evident impact on dike orientations, whereas tangential dike tests were not useful for locating its ancient volcanic centers.
The FIERCE software may contribute to interpreting the stress conditions that acted during evolution of a volcanic edifice. A very good example of this is evident at Stromboli, where in all the models the NE-SW structural regional trend of the Aeolian Volcanic Arc is observed.
One limitation is the fact that in some cases, the input shapefile can contain many different segments of the same dike. This could theoretically make the direction of that dike (and all the cells that this direction goes through) Bweightm ore than the direction of a well-exposed dike that counts as only one segment. Although this problem never arose in our examples, we advise paying attention to this possible bias in the results.
The results can be examined directly within the FIERCE software (Fig. 1) , which is especially useful in the preliminary stages to modify the different parameters in order to find the best ones, but it is highly recommended to export and plot the final results using an external GIS program (Figs. 2, 3 , 4, and 5). Here, particular attention is needed on the choice of graphical normalization and color schemes, as this can be very important for highlighting the possible vents in the best way.
Although the software in its current version is based on a purely geometrical 2D description of the dike datasets, the results are already satisfactory. Future versions of the software will go in the direction of including the effect of the regional stress field and the topography.
